For more than 10 years, we have been convinced by overwhelming epidemiological evidence with a high biological plausibility that hyperphosphataemia imposes one of the most sustained cardiovascular and mortality risks on patients suffering from chronic kidney disease (CKD). With the discovery of the fibroblast growth factor-23 (FGF23)/klotho axis, we not only gained a new and mechanistic understanding of phosphate handling of the body, we also felt that novel therapeutic strategies may arise counteracting the deleterious consequences of phosphate retention, dysregulation and maldistribution. Two recent experimental studies shed additional and important light on what we can expect from such new insights. Faul et al. showed us that FGF23 excess may directly induce left ventricular hypertrophy (LVH) and that FGF-receptor antagonism ameliorates CKD-induced LVH in rats. Shalhoub et al. demonstrated that FGF23 antibodies successfully ameliorated the development and progression of most features of secondary hyperparathyroidism in a rat model of CKD, however, at the expense of hyperphosphataemia, progressive vascular calcification and death. Such studies not only help to continuously improve our understanding, but also especially sharpen our perception of how thin the line may be between adaptation and maladaptation in chronic disease scenarios.
A B S T R AC T
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I N T RO D U C T I O N
The discovery of the fibroblast growth factor-23 (FGF23)/ klotho axis has most significantly impacted on our understanding of the biology and pathophysiology of chronic kidney disease-bone and mineral disorders (CKD-MBD) in the recent years [1] [2] [3] . FGF23 developed from the master regulator of phosphate handling to one of the most potent mortality risk predictors in CKD and, most recently, to an intruiging pathogenic factor mediating cardiovascular damage [4] . Therapeutic concepts have already been designed targeting earliest elevations of FGF23 in the time course of CKD, e.g. by restricting phosphate exposure [1] . Furthermore, FGF23 antagonism is considered as one of the most promising treatment approaches towards preventing the cardiac sequelae associated with CKD, as evidenced in the recent seminal translational paper by Faul et al. [4] demonstrating direct induction of left ventricular hypertrophy (LVH) by FGF23 in rodents. Shalhoub et al. [5] have now added preclinical data to this scenario by indeed supporting the notion that FGF23 antagonism effectively blocks the development of most of the characteristics of secondary hyperparathyroidism in a rat model of CKD, albeit at the cost of hyperphosphataemia, vascular calcification and premature death. This important scientific work indicates that the observed laboratory derangements in chronic diseases may -at least to some degree-merely reflect the body's best possible means to adapt to otherwise inevitable functional derangements. With regard to CKD, these new data furthermore suggest that protection from hyperphosphataemia may be the ultimate goal to achieve substantial longevity in CKD.
FG F 2 3 -T H E M A S T E R R E G U L ATO R O F P H O S P H AT E H O M E O S TA S I S
It is now nearly a decade ago that work in FGF23-deficient mice identified this hormone's pivotal role in mineral homeostasis in mammals [6] . FGF23 is a bone-derived hormone secreted from osteocytes. Loss of FGF23 function resulted in severe hyperphosphataemia (increased tubular phosphate reabsorption) and endogenous calcitriol intoxication (induction of renal 1-α-hydroxylase), with subsequent hypercalcaemia and parathyroid hormone (PTH) suppression. The lifespan of these animals was greatly reduced. Of note, the same phenotype had been observed in mice deficient of klotho, a transmembrane β-glucoronidase, which in this context was identified as the essential second part of a dimeric FGF23 receptor at kidney and parathyroid tissues [7] . Activation of this receptor inhibits two tubular sodium-phosphate transporters (NaPi-IIa and -IIc) greatly limiting the capacity of phosphate reabsorption from the urine [3] . PTH, as the other potent phosphaturic hormone, principally acts on the same transporters, however, through different receptor and signal transduction pathways. In a greater context, this means that the organism employs two complex and potent hormonal systems in order to protect itself against hyperphosphataemia as robust as possible.
FGF23 directly inhibits PTH secretion, but this effect is clinically overridden in CKD by progressive calcitriol deficiency and by the stepwise development of parathyroid klotho resistance in progressive uraemia. Furthermore, FGF23 and calcitriol form a feedback cycle with FGF23 suppressing 1,25-(OH)2-vitamin D hydroxylation, and calcitriol inducing FGF23 expression and secretion from the bone [2, 8] .
In the clinical setting, it was subsequently reported that FGF23 serum levels already start to rise in early CKD stages, while normophosphataemia is mostly maintained well into CKD stages 4-5 [9, 10] . Recent work by Isakova et al. [11] indicated that increases in FGF23 may be the very first detectable laboratory aberration in the development of CKD-MBD, well before rises in serum PTH or phosphate concentrations. In CKD stage 2, approximately 40% of individuals were already shown to have elevated FGF23 levels in this large observational study.
In CKD-5D patients, FGF23 serum concentrations may rise enormously: while healthy individuals display FGF23 blood levels of 30-70 RU/mL (mostly measured by the Cterminal assay), these levels may rise up to 100 000 RU/mL in dialysis patients [1] . The available studies in dialysis cohorts mostly demonstrate a robust correlation with serum phosphate concentrations [12] [13] [14] .
Based on the physiology of the FGF23/klotho system, preliminary clinical attempts were made to suppress FGF23 upregulation by phosphate binder treatment. However, most of these studies were short-term and observed only quite small cohorts, and results so far have remained inhomogenous, ranging from no effect to FGF23 suppression [15] . Calcimimetics may decrease FGF23 secretion, while it seems unclear, whether this is a direct effect or mediated via lowering serum phosphate levels [16] . As expected, calcitriol and paricalcitol have been shown to be reproducibly increase FGF23 serum levels [17] .
Gutiérrez et al. [14] published the first study demonstrating that FGF23 was a strong and independent risk predictor of mortality in incident dialysis patients. This risk prediction was especially remarkable in patients with no or only moderate hyperphosphataemia. This first report was subsequently followed by observational studies in prevalent dialysis patients and in predialysis stages of CKD, all indicating FGF23 as one of the most powerful mortality risk factors [13, 18, 19] . Additional studies related high FGF23 serum levels to faster progression of CKD, to an increased likelihood of renal transplant failure and to subclinical CKD in the elderly [20] [21] [22] .
Parker et al. [23] recently studied FGF23 in the Heart and Soul study cohort consisting of cardiovascular risk patients, of which the majority had normal or only modestly reduced renal function. Even in this group, FGF23 predicted a significantly impaired survival in those subjects in the highest tertile of FGF23 levels (>56.7 RU/mL, which approximates the upper normal range of the assay for healthy adults). These results were recently supported by data from a large non-CKD cohort (Cardiovascular Health Study) associating FGF23 levels with all-cause mortality and incident heart failure [24] . Another study in community-dwelling adults with preserved renal function (Health Professionals Followup Study) focused on factors predicting higher FGF23 serum levels and especially reporting associations with cardiovascular comorbidities (age, BMI, hypertension, smoking etc.) and some elevated laboratory parameters (elevated phosphate, PTH etc.) [25] . Consequently, the questions arise, whether FGF23 may be a kidney function-dependent surrogate of another risk imposing scenario, and which absolute magnitude of FGF23 concentrations may represent a danger signal in which population.
FG F 2 3 A N D T H E CA R D I OVA S C U L A R S Y S T E M : N O N -R E N A L E F F E C T S W I T H G R E AT I M PAC T
With regard to cardiovascular morbidity in CKD, the key question was whether FGF23 may be the more lucid reflection of phosphate-induced cardiovascular damage, or whether FGF23 actually targets and damages cardiovascular structures? One could imagine that enormously elevated FGF23 concentrations in dialysis stages may, for example, induce pathological effects by activation of unspecific FGF receptors. Myles Wolf's group has not only taken the lead in this field, but continues to precisely shape the understanding of FGF23 biology in CKD and beyond. Indeed, they first showed that FGF23 correlated to the presence of LVH in CKD patients [26] . Their observation, as well as the abovementioned risk associations in non-CKD cohorts, was recently confirmed and strongly emphasized by Seiler et al. [27] showing the same LVH association in a cardiovascular cohort with no or only slightly impaired renal function. Furthermore, this group demonstrated a unique and strong relationship between FGF23 and atrial fibrillation in this group of patients, rather than linking FGF23 to classical atherosclerotic cardiovascular disease [27] .
Faul et al. [4] published an outstanding collaborative and translational paper outlining first the strong clinical association between FGF23 and left ventricular mass index, impaired ejection fraction and concentric and eccentric remodelling in CKD patients. Then, the group documented that FGF23 injections caused LVH in rodent models. In parallel, it was shown that this FGF23-induced myocardial remodelling was not klotho-dependent and that calcineurinnuclear factor of activated t cells was involved in myocardial FGF-receptor signal transduction. Finally, when inducing CKD in rats by 5/6-nephrectomy (5/6-Nx), causing hypertension and LVH, LVH could be significantly and blood pressure independently reduced by the administration of a nonspecific FGF-receptor blocker [4] . Based on these data, FGF23 evolved from a biomarker of disease severity to one of the most suggestive mediators of CKD-associated cardiovascular morbidity. Now, the stage was set to strongly consider further exploring the idea of FGF23 antagonism in order to reduce morbidity in models and cohorts at risk, especially in the setting of CKD.
FG F 2 3 A S A T R E AT M E N T TA R G E T
This is how the recent paper by Shalhoub et al. Most biochemical results appeared straightforward and predictable based on the current knowledge of FGF23 physiology. FGF23 antagonism led to a dose-dependent increase in serum phosphate levels associated with a variable reduction in fractional phosphate excretion (but without overall reductions in 24-h urinary phosphate excretion). Calcitriol levels were higher especially in the high-dose FGF23 antibody-treated group with increasing serum calcium levels, and serum PTH levels consequently decreased with FGF23 antagonism. In parallel, improvements of high-turnover renal osteodystrophy were observed to be associated with FGF23-antibody treatment. Some expected features (e.g. changes in tubular NaPi-IIa and Cyp24a1 expression) may not have been observed because of counter-regulatory actions of treatment-induced shifts in calcitriol and PTH.
Unlike the findings by Faul et al., this experimental approach did not show amelioration of LVH by FGF23 antagonism. However, there were a few strategic differences in targeting FGF23 excess between these two studies. Shalhoub et al. [5] administered an FGF23-specific antibody only when CKD was firmly established, while the former study used a non-specific FGF-receptor blocker starting immediately after the 5/6-Nx surgical procedure, thus, in a more preventive fashion. The other difference was the exposure of rats to a HPD versus a normal phosphate diet [4] . Table 1 depicts similarities and differences between these two investigations.
I S C K D A L L A B O U T P H O S P H AT E ?
The key observation in this most recent study by Shalhoub et al. was that the use of specific FGF23 antibodies in an animal model of CKD led to increased mortality, despite some 'favourable' effects on the majority of classical parameters of CKD-MBD and particularly on the development of secondary hyperparathyroidism. Hyperphosphataemia was assumed to be the mediator of mortality leading to accelerated calcification in animals following FGF23 antagonism. However, an important question remains: what would have been the course of the disease, if normal or low dietary phosphate would have been fed after 5/6-Nx instead of a HPD? In any case, directly antagonizing FGF23 means antagonizing the phosphaturic defences of the body (obviously including PTH), which may be the pivotal priority in progressive CKD. Another question is how potent an indirect FGF23 antagonism would be by targeting phosphate (additive) restriction, phosphate binders or phosphate transport inhibitors? Nagano et al. showed convincing preclinical data on FGF23 and PTH suppression by sevelamer in a rodent model of CKD, but no 'hard outcomes' or effects on cardiovascular remodelling were published from that model [28] . Moreover, recent clinical trials in earlier stages of CKD, as already pointed out above, yielded quite inhomogenous results regarding phosphate lowering on FGF23 serum levels and surrogate endpoints such as vascular calcification [15, 29] . Finally, the question may be asked whether FGF-receptor-specific antibodies-leaving the physiological FGF23 actions untouched -could be developed into therapeutic options once the culprit receptor causing FGF23-mediated 'collateral cardiovascular damage' is distinctly identified.
CO N C L U S I O N S
What can we learn from two intelligent and translational experimental studies on the role of FGF23 in CKD and cardiovascular morbidity [4, 5] ? First of all, FGF23 may indeed be more than a surrogate of impaired phosphate handling and a pathogenic factor on its own. Secondly, FGF23 is a key adaptive mechanism during the course of CKD causing sustained prevention of a substantial threat, i.e. hyperphosphataemia (comparative to secondary hyperparathyroidism). Thirdly, FGF23 may proportionally be a very adequate biomarker with regard to the effective loss of nephron mass (which serum phosphate is not). Therefore, in the current stage of science in this field, it seems impossible to firmly recommend any future therapeutic strategies declaring FGF23 antagonism as a promising target, at least in predialysis stages of CKD. The concept of adaptation versus maladaptation is very complex in chronic disease in general, and we may have learned a little from clinical experience in the field of renal anaemia [30] [31] [32] . Just treating because laboratory parameters fail to remain in a supposedly normal range may potentially do more harm than good. Quoting the wording in the kidney disease-improving global outcomes guidelines on CKD-MBD as published in 2009 'Chapter 4.2.1: In patients with CKD stages 3-5 not on dialysis, the optimal PTH level is not known' [33] . Up to this point in 2012, this also clearly applies to FGF23.
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